Sedimentary basins within the Transhimalayan arc-trench system provide paleotectonic and paleogeographic information on the evolution of the late Mesozoic-early Cenozoic Neo-Tethyan subduction zone along the southern Asian margin. This paper presents detailed stratigraphic, sedimentologic, petrographic, detrital-zircon geochronologic and Hf isotopic data from the Luogangcuo Formation exposed as part of the Xiukang Mélange in south Tibet. The Luogangcuo Formation was deposited (ca. 88-81 Ma) in a trench environment on a deep-sea fan fed from the Lhasa block through a submarine canyon. Dominant chert and subordinate sandstone and limestone clasts in conglomerate beds indicate recycling from the Neo-Tethyan subduction complex during repeated episodes of gravitational failure. The interbedded turbiditic sandstones were sourced directly from the Gangdese magmatic arc and central Lhasa terrane. Detrital volumes from the active Asian margin increased markedly at ca. 88 Ma as a result of uplift of central Lhasa, leading to deltaic progradation, filling of the Xigaze forearc basin, and bypassing of sediments funneled via canyons across the subduction complex to reach the Luogangcuo trench basin at abyssal depths.
INTRODUCTION
The subduction of oceanic lithospheric slabs is one of the extraordinary plate-tectonic processes that recycles crustal material in the mantle, leads to crustal growth, and determines prominent changes in the topography of continental margins (e.g., Armstrong, 1991; Scholl and von Huene, 2007; Flament et al., 2015) . During subduction of oceanic lithosphere, an arctrench system develops on the upper plate, including a trench, a subduction complex, a forearc basin, and a magmatic arc (Dickinson, 1995) . Sedimentary basins form in different positions within the arc-trench system, at the trench, perched on top of the subduction complex, and along the forearc region (Busby and Ingersoll, 1995) . They represent an archive of detritus with varied composition from which paleotectonic and paleogeographic information on the evolution of the subduction system (sediment-dispersal patterns and source-to-sink relationships, submarine topography, uplift and erosional history of the active margin) can be retrieved via provenance analysis (Dickinson, 1995; Underwood and Moore, 1995) .
As one of the best preserved suture zones on Earth, the Yarlung-Zangbo suture of the Himalaya (Fig. 1A ) marks the site of late Mesozoic NeoTethyan subduction (e.g., Searle et al., 1987; Yin and Harrison, 2000) and subsequent India-Asia collision at ca. 59 Ma (DeCelles et al., 2014; Wu et al., 2014; Hu et al., 2015 Hu et al., , 2016 Hu et al., , 2017 . The complete process of oceanic subduction followed by continent-continent collision is documented. In the last decades, the Himalayan suture zone has been consequently recognized as the unexcelled natural laboratory to study subduction and collision (Tapponnier et al., 1981; Dewey et al., 1988; Matte et al., 1997; Hodges, 2000; Yin and Harrison, 2000) . The Neo-Tethyan arc-trench system in south Tibet includes trench and trench-slope deposits as thrust sheets or blocks, the subduction complex, and the extensively studied Xigaze forearc basin and Gangdese magmatic arc (Fig. 1B) Dürr, 1996; Dupuis et al., 2005 Dupuis et al., , 2006 Ji et al., 2009; Wu et al., 2010; Aitchison et al., 2011; Cai et al., 2012; Wang et al., 2012; An et al., 2014 An et al., , 2017 . Notably less has been done to identify trench deposits, with the exception of the Nindam Formation in the Ladakh Himalaya, India (Garzanti and Van Haver, 1988 ) and the Rongmawa Formation in Ngamring, south Tibet (Cai et al., 2012) . This may be ascribed to poor preservation owing to strong multiple deformation during tectonic accretion and final collision, and to much smaller size and only local exposure relative to the thick and well preserved forearc-basin successions. Studies of trench deposits identified along the Neo-Tethyan suture zone are nevertheless essential to provide paleogeographic information and reconstruct the uplift and erosion history of the Asian active margin, and to allow comparison with other trench basins worldwide.
We present here new stratigraphic, sedimentological, petrographic, and U-Pb geochronology and Hf isotope data on detrital zircons from an ~200-m-thick succession of conglomerates and sandstones exposed within the Yarlung-Zangbo suture zone of south Tibet. Such evidence suggests that the unit, first identified here under the name Luogangcuo Formation, was deposited in the Neo-Tethyan trench basin. This study thus adds a new element for an accurate reconstruction of the Asian active margin of Neo-Tethys during the Late Cretaceous. WEI AN ET AL. | Discovery of Upper Cretaceous Neo-Tethyan trench deposits, south Tibet RESEARCH of Asia (e.g., Allégre et al., 1984; Dewey et al., 1988; Yin and Harrison, 2000; Wang et al., 2011; DeCelles et al., 2014; Hu et al., 2015) . The Lhasa block is subdivided into northern, central, and southern terranes characterized by different magmatic and sedimentary units (Zhu et al., 2011) . The northern Lhasa terrane is characterized by a mainly Jurassic-Cretaceous sedimentary succession and Cretaceous igneous rocks (Zhu et al., 2011) . The central Lhasa terrane consists of widespread Permo-Carboniferous metasedimentary and Upper Jurassic-Lower Cretaceous volcano-sedimentary strata (Pan et al., 2004) , Lower Cretaceous volcanic rocks (e.g., Zenong Group, Zhu et al., 2011) , 215-95 Ma plutonic rocks (Zhu et al., 2008) , and a small volume of 68-49 Ma granitoids (Zheng et al., 2015) . In the southern Lhasa terrane, the most represented geologic units are the Upper Triassic to Paleogene Gangdese magmatic arc (Schärer et al., 1984; Wen et al., 2008; Ji et al., 2009 ) and the uppermost Cretaceous to Eocene Linzizong volcanic succession (Mo et al., 2008 , and references therein), with limited exposures of Upper Triassic-Cretaceous successions (Pan et al., 2006; Zhu et al., 2013) . Zircons from the central Lhasa terrane display negative εHf(t) values, suggesting the existence of an ancient crust (Chu et al., 2006; Zhu et al., 2011) , whereas positive εHf(t) values characterize zircons from the southern Lhasa terrane, indicating a juvenile crust (Chu et al., 2006; Ji et al., 2009 ). South of the Gangdese magmatic arc, the Xigaze forearc basin exposed from Renbu in the east to Zhongba in the west is ~20 km wide (Fig. 1A) . The Xigaze forearc-basin succession can be subdivided into a lower underfilled part and an upper overfilled part, with prominent facies and provenance changes recorded ca. 88 Ma (e.g., Wu et al., 2010; Aitchison et al., 2011; An et al., 2014; Orme et al., 2015) . The underfilled stage was characterized by deep-water turbidites mainly fed from the Gangdese arc and occasionally from reworking of the Lower Cretaceous carbonates of the Sangzugang Formation. During the subsequent overfilled stage, instead, sedimentation took place in shallower-water to deltaic environments with detritus supplied from the Gangdese arc and the central Lhasa terrane.
The Yarlung-Zangbo ophiolite consists of mantle peridotite, cumulate, gabbro, sheeted dike, pillow lava, and radiolarian chert exposed from Luobusa in the east to Yungbwa in the west. Mafic magmatism was dated initially at 120 ± 10 Ma (Göpel et al., 1984) , and then refined by multi-methods as 123-128 Ma (Malpas et al., 2003; Dai et al., 2013 and references therein) . Three different models have been proposed to frame its origin: (i) slow-spreading mid-ocean ridge (Girardeau et al., 1985a (Girardeau et al., , 1985b , (ii) supra-subduction setting (Bédard et al., 2009; Hébert et al., 2012) , and (iii) forearc spreading (Dai et al., 2013; Huang et al., 2015) . The third model is the one best supported by stratigraphic evidence, which conclusively indicates that the ophiolite represents the substratum of the Xigaze forearc basin Wang et al., 2017a) .
In tectonic contact with the Yarlung-Zangbo ophiolite to the north and with the Tethyan Himalaya sedimentary zone to the south (Fig. 1B) , chaotic units with blocks embedded in siliciclastic matrix have been named variously in the literature (e.g., Xiukang Mélange after XBGMR, 1979; wildflysch with exotic blocks after Tapponnier et al., 1981) . These mélange units, traditionally interpreted as representing the Neo-Tethyan subduction system (Tapponnier et al., 1981; Searle et al., 1987; Cai et al., 2012) , have been recently documented to have developed at least in part during the initial Paleocene-Eocene stage of the India-Asia collision Metcalf and Kapp, 2017) . The Xiukang Mélange is composed of exotic blocks of sandstone, limestone, chert, and basalt set in a deformed matrix of Upper Triassic-Lower Aptian abyssal chert, siliceous mudstone, and locally turbidites (Cai et al., 2012) . Sandstone blocks include quartzose petrofacies derived from the Indian passive margin, and Cretaceous to Eocene lithic-rich volcanic petrofacies sourced from the Asian active margin (Cai et al., 2012; Li et al., 2015; An et al., 2017) . Abundant and mostly bioclastic-limestone blocks, probably detached from the outer peri-Gondwana shelf or seamounts within the Neo-Tethys Ocean (Shen et al., 2003a (Shen et al., , 2003b , yield Middle-Late Permian crinoids and bryozoans, together with foraminifera of Early Triassic, Early Jurassic, and Late Cretaceous age (Tapponnier et al., 1981; Jin et al., 2015 , and references therein). Blocks derived from seamounts within the Neo-Tethys Ocean, as recorded by limestone and chert deposited directly on oceanic island basalt (OIB), have been reported in the Zhongba area . Blocks of radiolarian chert are of two types: A Middle-Upper Triassic group with continental-margin affinity, and an Upper Jurassic-Lower Cretaceous group with oceanic-basin affinity (Zhu et al., 2005) .
The Luogangcuo Formation, in tectonic contact with the Xiukang Mélange near Saga and consisting of gray conglomerate, yellow-greenish coarse sandstone and pebbly sandstone, was first described as a Cenozoic unit by Yin et al. (1988) (Fig. 1C) . Based on chert clasts with Barremian radiolarian associations and sandstones yielding quartz electron spin resonance (ESR) ages of 41.2-46.2 Ma (Li et al., 2007) , the unit was considered as a lower Eocene continental "molasse" comparable to the Liuqu Conglomerate exposed in the Xigaze area.
Bounded along its southern margin by the South Tibet detachment zone, the Tethyan Himalaya represents the remnant of the northern Indian passive margin, separated into northern and southern domains by the Gyirong-Kangmar thrust Ratschbacher et al., 1994; Sciunnach and Garzanti, 2012) . The southern domain is characterized by Paleozoic to Eocene shelfal carbonates and terrigenous strata (Willems et al., 1996; Jadoul et al., 1998) , whereas the northern domain consists of corresponding outer shelf, continental slope, and rise deposits Li et al., 2005; Hu et al., 2008) .
METHODS
Two stratigraphic sections (Figs. 1C, 2, and 3A), with a total thickness of 200 m, were measured in detail and distinguished into eight lithofacies (Table 1) . Thirteen sandstone samples from the Luogangcuo Formation were selected for point-counting according to the Gazzi-Dickinson method (Ingersoll et al., 1984) . Over 400 points were counted on each sample. The complete petrographic data set is provided as Data Repository Table DR1 1 . Zircons were separated from eight sandstone samples for U-Pb dating and Hf isotopic analysis. U-Pb dating of the core of detrital grains was performed by laser-ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Mineral Deposits Research, Nanjing University, China, using a beam diameter of 35 μm and following the method described by Jackson et al. (2004) . The weighted 206 Pb/ 238 U age of the standard sample Mud Tank Zircon obtained was 740.1 ± 5.0 Ma (n = 53) in agreement with the predicted value (thermal ionization mass spectrometry [TIMS] age 732 ± 5 Ma; Black and Gulson, 1978) . Age calculations and relative-age-probability diagrams were created using Isoplot 4.0 (Ludwig, 2011 Pb/ 206 Pb ages for grains >1000 Ma. Ages >200 Ma with discordance >10% and ages <200 Ma with discordance >20% were discarded. The complete data set is provided as Data Repository Table DR2 . The maximum depositional age of sedimentary layers was calculated by detrital-zircon chronostratigraphy according to the five methods listed in Table 2 . Our preferred method is the weighted mean age of two or more grains overlapping with the youngest one at 1σ (YC1σ(2+)), which proved to be more consistently compatible with depositional ages of Mesozoic sandstone samples from the Colorado Plateau (Dickinson and Gehrels, 2009 ).
In situ Hf isotopic analyses were performed on the same spots used for U-Pb age analysis at the State Key Laboratory for Mineral Deposits Research, Nanjing University, with a Thermo Scientific Neptune Plus MC-ICP-MS coupled to a New Wave UP193 solid-state laser-ablation system. We used a beam diameter of 50 μm and an 8-Hz laser repetition rate with energy >15.5 J/cm 2 . The Mud Tank standard was analyzed in every run, yielding Hf/ 177 Hf = 0.282522 ± 0.000042 (2σ; n = 2335) (Griffin et al., 2007) . The complete data set is provided as Data Repository Table DR3 .
SEDIMENTOLOGY OF THE LUOGANGCUO FORMATION
The studied outcrop, in fault contact with the Xiukang Mélange (Fig.  3B) , is cut in two by the course of the Yarlung-Zangbo River. Two sections, each ~100 m thick, were measured on either side of the river (Figs. 1C and 2). Owing to poor preservation, the entire thickness of the unit is unknown. Section A, measured south of the Yarlung-Zangbo River, consists of thick-bedded or amalgamated conglomerates with minor thick-to medium-bedded pebble-bearing sandstone intercalated in the lower ~35 m and massive conglomerate in the upper part. Section B, measured to the north, displays more variable lithologies, including rhythmic alternations of thin-bedded sandstone and shale couplets with minor massive conglomerate and pebble-bearing sandstone in the lower part, followed by shale increasing upwards and capped by massive pebble-bearing sandstone. In both sections, blocks of chert, sandstone, and limestone occur in conglomerates or are locally embedded in shale. Eight lithofacies types (Table 1) were distinguished according to Miall (1978) and DeCelles et al. (1991) , and grouped into three facies associations according to Mutti and Ricci Lucchi (1978) .
Proximal Submarine Fan
Description. This facies association, occurring in Section A (Fig. 3A) and lower part of Section B, comprises predominantly gray-green, moderately to poorly sorted, massive or normal-graded, clast-or matrix-supported conglomerates (lithofacies Gcm, Gcn, Gmm, and Gcp) with angular to subrounded pebbles and cobbles up to 20 cm in diameter. Massive (Sm) (Fig. 3C ) or oblique laminated (Sp) pebble-bearing sandstones are scarce. Lithofacies Gcm and Gmm are massive, commonly in sharp contact with exotic blocks of sandstone and chert (up to 1.5 m in diameter; Fig. 3D ). Beds of lithofacies Gcn, 0.2-1.5 m thick, include abundant sandy matrix and display normal grading from cobbles at the base to sand at the top. Lithofacies Gcp is thin-bedded, normally graded, and occasionally includes strata with tabular oblique lamination (Fig. 3E ). Medium to 102.6 ± 3.9 (n = 7) 106.5 ± 2.0 (n = 24)
Note: YDZ-age calculated by the "Youngest Detrital Zircon" routine of Isoplot (Ludwig, 2011) . YSG-youngest single detrital zircon age with 1σ uncertainty. YPP-youngest graphical detrital zircon age peak on an age-probability plot or age-distribution curve. YC1σ(2+)-weighted mean age (±1σ incorporating both internal analytical error and external systematic error) of youngest cluster of two or more grain ages overlapping with the youngest age at 1σ (Dickinson and Gehrels, 2009 ). YC2σ(3+)-weighted mean age (±1σ incorporating both internal analytical error and external systematic error) of youngest cluster of three or more grain ages overlapping with the youngest age at 2σ (Dickinson and Gehrels, 2009). coarse-grained lithofacies Sm and Sp are intercalated within lithofacies Gcn and Gmm, and contain radiolarian chert pebbles. Sandstone beds, ~0.2 m thick, commonly show limited lateral extent and sharp contacts both at the bottom and top. Sedimentary structures are limited to gradedbedding (Gcn) and oblique lamination (Gcp, Sp).
Interpretation. This arenaceous-conglomeratic association was deposited by grain flows or high-concentration turbidity currents in proximal submarine-fan settings (Mutti and Ricci Lucchi, 1978; Underwood and Moore, 1995) . Lithofacies Gcm and Gcn suggest channelized highenergy debris flows. Lithofacies Gmm indicates unchannelized debris flows and sudden dumping of the whole sediment load owing to rapid loss of speed. Lithofacies Gcp points to large migrating barforms, which can develop in deep-water conglomeratic fan-feeder systems (Walker, 1975; Satur et al., 2004) . Lithofacies Sm and Sp were deposited as channelized turbiditic flows.
Distal Submarine Canyon
Description. Most of Section B is characterized by laminated mudstone (Fl, Fig. 3F ), interbedded with normally graded, parallel laminated sandstone (Sh, Figs. 3G and 3H) and massive siliceous mudstone (Fm) with a few slumped blocks of sandstone and chert. Beds of lithofacies Sh, mainly fine or medium-grained and up to 0.6 m thick, commonly display flat base and locally groove casts and Ta-Tb subdivisions of incomplete Bouma sequences (Bouma, 1962) . These beds either occur as lenses within lithofacies Fm or pass laterally to lithofacies Fl intercalations.
Interpretation. This arenaceous association was deposited on a distal submarine fan or deep-sea plain by turbidity currents and diluted lowdensity turbidity currents with suspension fallout (Mutti and Ricci Lucchi, 1978; Underwood and Moore, 1995) . Finer-grained than sediments in the proximal submarine fan, lithofacies Sh was deposited from the low-concentration tail of higher-density turbidity currents (e.g., Mutti, 1992; DeCelles et al., 2014) . Lithofacies Fm and Fl represent background sedimentation dominated by suspension fallout.
Submarine Olistoliths
Description. Allochthonous blocks of sandstone and chert up to 1.5 m in diameter (Fig. 3D ) occur in both sections, mostly within massive conglomerates (lithofacies Gcm and Gmm) and occasionally embedded in massive mudstones (Fm). Sharp contacts, disrupted stratification, and deformation around the blocks are commonly observed.
Interpretation. This chaotic facies originated by large-scale submarine slumps on a slope triggering debris flows or mud flows (Mutti and Ricci Lucchi, 1978; Underwood and Moore, 1995) . Similar deposits are widely reported in turbidite sequences, from the northern Apennines (Mutti and Ricci Lucchi, 1978) to the Yarlung-Zangbo suture zone DeCelles et al., 2014) .
PROVENANCE ANALYSIS

Conglomerate and Sandstone Petrography
The Luogangcuo conglomerates are polymictic, with poorly sorted, angular to subrounded clasts set in a sandy matrix. In Section A, granules to cobbles consist of radiolarian chert (70%-85%, Fig. 4A ), subordinate shale (3%-23%), sandstone (1%-20%), and minor limestone (<4%) ( Fig.  2; Fig. 4B ). Clast size is finer in Section B, with similarly dominant chert.
The turbiditic sandstones are feldspatho-quartzo-lithic volcaniclastic, with average modal composition quartz:feldspar:lithic (Q:F:L) = 33:21:46 in Section A and Q:F:L = 27:24:49 in Section B (Fig. 5A) . Mostly monocrystalline quartz grains are angular to subrounded and show uniform extinction (Figs. 4C-4F ). Plagioclase is much more abundant than K-feldspar (Fig. 4D) . Lithic fragments, representing 35%-63% of framework grains (Fig. 5B) , are mainly andesite and rhyolite. Subordinate sedimentary (shale, siltstone, chert) and minor low-rank metamorphic lithics (slate) also occur.
Sandstone blocks are quartzo-feldspatho-lithic volcaniclastic (Fig.  4G) , with average composition Q:F:L = 10:31:59 (Fig. 5A) . Lithic fragments, representing 45%-73% of framework grains (Fig. 5B) , are mainly basalt and andesite. Sedimentary lithics (limestone, siltstone, chert) are subordinate. Metamorphic rock fragments were not observed. Chert blocks and pebbles in conglomerates contain abundant radiolarians (Fig. 4H) .
Detrital Zircon Geochronology and Hf Isotopes
Two turbiditic sandstones in Section A (08QD02 and 08LGC01) yielded 65 zircon grains with Mesozoic U-Pb age and another 95 grains of older ages (Fig. 6A) . The ages of the three youngest grains are 80 ± 1 Ma, 80 ± 1 Ma, and 81 ± 1 Ma (discordance 1.2%, 6.2%, and −4.9%, respectively). The YC1σ(2+) ages of the two samples are 81.3 ± 2.9 and 81.9 ± 0.7 Ma. Age spectra exhibit a prominent young cluster between 80 and 146 Ma with main peak at 81.2 Ma, and a subordinate cluster between 450 and 600 Ma with main peak at 548 Ma. Sixty zircon grains with Mesozoic age yielded εHf(t) values ranging widely from −25.7 to +13.5 (Fig. 6F) .
Four turbiditic sandstones in Section B (12QD05, 12QD 10, 12QD 15, and 12QD 23) yielded 141 zircon grains with Mesozoic age and 126 grains with older ages (Fig. 6B) . The ages of the three youngest grains are 82 ± 1 Ma, 83 ± 1 Ma, and 93 ± 3 Ma (discordance 0%, 0%, and 1.1%, respectively). The YC1σ(2+) ages of the four samples are 86.0 ± 2.1, 88.2 ± 1.8 Ma, 83.0 ± 1.4 Ma, and 84.9 ± 1.9 Ma, respectively. Age spectra are complex, with a young cluster between 86 and 146 Ma with main peak at 88 Ma. Seventy-three grains with Mesozoic age yielded εHf(t) values ranging widely from −13.0 to +17.3 (Fig. 6G) .
Two sandstone blocks (12LGC12 and 12LGC33) yielded 114 zircon grains with Mesozoic age and 12 grains with older ages (Fig. 6C) . The ages of the three youngest grains are 88 ± 3 Ma, 91 ± 3 Ma, and 92 ± 2 Ma (all 0% discordance). The YC1σ(2+) ages of the two samples are 91.9 ± 2 Ma and 102.6 ± 3.9 Ma. Age spectra display a single cluster between 91 and 211 Ma, with main peak at 102 Ma. Seventy-eight Mesozoic grains yielded mostly positive εHf(t) values up to +14.7, and only three negative values down to -13.7 (Fig. 6H) .
Provenance Interpretation
A different magmatic evolution characterized the central and southern Lhasa terranes. Zircons from magmatic rocks of the central Lhasa terrane yield ages mostly in the 230-180 Ma and 140-100 Ma range (peak at ca. 110 Ma) and negative εHf(t) values (Zhu et al., 2011, and references therein) . Zircons from magmatic rocks of the southern Lhasa terrane, emplaced between the Late Triassic and the Eocene (220-40 Ma), display instead positive εHf(t) values (Chu et al., 2006; Ji et al., 2009) . In stark contrast, detrital zircons derived from the northern Indian subcontinent are mostly characterized by Proterozoic to early Paleozoic ages (DeCelles et al., 2004; Zhu et al., 2011) , with an Early Cretaceous (140-119 Ma, peak at 138 Ma) cluster characterized by negative εHf(t) values (Hu et al., 2010; Wu et al., 2014) . Additionally, andesitic-rhyolitic volcanic detritus shed from the central and southern Lhasa terranes contrasts with quartzose detritus locally containing basaltic rock fragments derived from northern India (Hu et al., 2010 (Hu et al., , 2015 . 
(B) Impure bioclastic-limestone clasts in conglomerates (samples 12QD02 and 12LGC12). ( C -F ) Q u a r t z o -fe l d s p a t h olithic volcaniclastic sandstones (12LGC05, 12QD04, 12QD17, and 12QD20). (G-H) Slumped blocks of feldspatho-lithic volcaniclastic sandstone and radiolarian chert (12LGC15 and 12LGC19).
Qz-quartz; Pl-plagioclase; Lvvolcanic lithic; Lc-carbonate lithic.
RESEARCH
In the Xigaze forearc basin, the middle-lower Ngamring Formation contains detrital zircons with typical Gangdese arc signatures (Mesozoic ages and positive εHf(t) values), whereas the upper Ngamring and Padana formations yield numerous zircon grains with either pre-Mesozoic or Mesozoic ages and positive or negative εHf(t) values, testifying to provenance from both Gangdese arc and central Lhasa terrane (Wu et al., 2010; An et al., 2014; Orme et al., 2015; Orme and Laskowski, 2016) . Adjacent to the Luogangcuo Formation, the Xiukang Mélange contains numerous blocks of: (i) Upper Cretaceous to Eocene lithic-rich volcaniclastic sandstones derived from the Gangdese arc and central Lhasa terrane, (ii) preCretaceous quartzose sandstones derived from the Indian subcontinent; and, (iii) Middle Triassic to Lower Cretaceous chert or Middle Permian to Upper Cretaceous limestone derived either from the distal Indian margin or the Neo-Tethyan oceanic domain (Shen et al., 2003a (Shen et al., , 2003b Cai et al., 2012; An et al., 2017; Metcalf and Kapp, 2017) .
Among all of the potential sediment sources described above, recycling of the Xiukang Mélange exposed nearby is the most probable one for the Luogangcuo conglomerates, the textural features of which indicate limited transport driven by gravity. The same radiolarian assemblages of Barremian age (129-125 Ma) found in the abundant chert clasts within the Luogangcuo Formation have been reported from chert blocks of the Xiukang Mélange in the Saga area (Li et al., 2007) , interpreted as deposited originally on Neo-Tethyan Ocean crust and subsequently accreted tectonically in the subduction complex. Detritus in the Luogangcuo sandstones is dominated by andesitic and rhyolitic volcanic rock fragments, and detrital zircons yield pre-Mesozoic and Mesozoic ages with both positive and negative εHf(t) values, suggesting provenance directly from the Gangdese arc and central Lhasa terrane. Modal composition and zirconage patterns in Luogangcuo sandstones compare well with the detrital signatures of both upper Ngamring and Padana sandstones of the Xigaze forearc basin (Wu et al., 2010; Aitchison et al., 2011; An et al., 2014; Orme et al., 2015) and Cretaceous lithic-rich volcaniclastic sandstone blocks of the Xiukang Mélange (Cai et al., 2012; Li G.W. et al., 2015; An et al., 2017) . The modal composition of the Luogangcuo sandstones resembles that of the Nindam Formation in the Ladakh Himalaya, India (Garzanti and Van Haver, 1988) , but includes more volcanic rock fragments compared to the Rongmawa Formation in the Ngamring area, south Tibet (Cai et al., 2012) , suggesting supply mostly from the Gangdese arc. The studied sandstone olistoliths display volcaniclastic composition and predominant Mesozoic zircons with positive εHf(t) values, comparing well with detrital modes and zircon-age patterns of lower Ngamring sandstones derived from the Gangdese arc (Wu et al., 2010; Aitchison et al., 2011; An et al., 2014; Orme et al., 2015) . All of the observed sedimentologic, petrographic, geochronologic and geochemical features concur to indicate that the Luogangcuo conglomerates and slumped blocks were eroded from the Xiukang Mélange and/or recycled from the Xigaze forearc basin, whereas turbiditic sandstones may have been derived directly from the Gangdese arc and central Lhasa terrane.
DISCUSSION
Depositional Age
Because the Luogangcuo Formation lacks fossils and interbedded tuffs, its depositional age could not be constrained robustly so far. A depositional age of ca. 41.2-46.2 Ma was inferred by quartz electron spin resonance dating (Li et al., 2007) , a technique usually performed on Quaternary sediments (Burdette et al., 2013; Duval et al., 2015) and the accuracy of which is generally considered as limited to the Pliocene (Laurent et al., 1998; Rink et al., 2007) . Detrital-zircon chronostratigraphy represents a much more reliable approach for dating volcaniclastic sediments deposited within an arc-trench system including a magmatic arc, because they are likely to contain zircon grains as young, or almost as young as their depositional age (Amato and Pavlis, 2010; Kochelek et al., 2011; . Five different chronostratigraphic methods to define the most likely depositional age were tested by Dickinson and Gehrels (2009) . Ranked from the least to the most statistically robust, they are: YDZ, YSG, YPP, YC1σ(2+), and YC2σ(3+) (see Table 2 for explanation). The youngest detrital-zircon age YDZ calculated from Isoplot represents a poor criterion, because it is prone to underestimate depositional age and is therefore not recommended. On the other hand, YC2σ(3+) is prone to overestimate depositional age ( fig. 8 and table 2 in Dickinson and Gehrels, 2009 ). YC1σ(2+) is thus the method preferred here. All the five methods are illustrated in Table 2 , which shows that YSG, YPP, and YC1σ(2+) ages are all similar, whereas the YDZ age is younger and the YC2σ(3+) age slightly older.
Sandstones and conglomerates of the Luogangcuo Formation, largely consisting of detritus shed from Mesozoic to Cenozoic igneous rocks, are undoubtedly deposited as part of the Gangdese arc-trench system. The YC1σ(2+) ages of Luogangcuo sandstones are comprised in a narrow range: 88-83 Ma in Section B, and 81-82 Ma in Section A. The YC1σ(2+) ages of sandstone olistoliths in Section A range between 103 and 91 Ma, and chert blocks and pebbles yielded Barremian radiolaria (Li et al., 2007) . These data suggest that sandstones of the Luogangcuo (Garzanti and Van Haver, 1988) Rongmawa Fm. (Cai et al., 2012) Formation were deposited at Coniacian to early Campanian times , and contained blocks of recycled mid-Cretaceous sandstones and Lower Cretaceous cherts. The lack of zircon grains <80 Ma rules out a Cenozoic depositional age, because volcanism has continued well into the Eocene. A source for younger zircon grains has existed through the early Paleogene, as documented in the Paleocene Sangdanlin and Zheya formations nearby DeCelles et al., 2014; Wu et al., 2014; Hu et al., 2015 Hu et al., , 2017 , and not only as ash fall but even in the case of exclusive recycling of the Xiukang Mélange .
Depositional Setting
Section A represents proximal submarine-fan deposits dominated by conglomerates with olistoliths and interbedded turbiditic sandstones, whereas Section B consists of more distal turbidites, subordinate conglomerates and slumped blocks. Dominance of chert clasts, derived from chert blocks embedded in the subduction complex, points to an intra-oceanic trench or trench-slope setting. Predominant volcanic rock fragments and lack of clasts recycled from the Xiukang Mélange suggest that turbiditic sandstones were derived directly from the southern Asian margin. Detritus was conveyed through submarine canyons cutting across the subduction complex and connecting the forearc-basin shelf with the trench, an envisaged paleo geographic scenario similar to the modern trench-slope offshore Washington and Oregon (Underwood and Moore, 1995, their fig. 5.10) . Zircon chronostratigraphy indicates that strata exposed in the more distal Section B may be slightly older than the proximal submarine-fan deposits of Section A, documenting in this case an upward-coarsening succession typical of trench deposits (Lash, 1985; Underwood and Moore, 1995) . Similar sedimentary units have been recognized in several subduction systems worldwide and interpreted as trench fill. One example is the Upper Cretaceous McHugh Creek assemblage exposed seaward of the Chugach-Prince William accretionary prism in Alaska, USA, which includes turbiditic sandstones and conglomerates sourced mainly from the adjacent magmatic arc and subordinately from the forearc basin and subduction complex (Nilsen and Zuffa, 1982; Kochelek et al., 2011; Amato et al., 2013) .
In alternative, a trench-slope-basin setting may be envisaged for the Luogangcuo Formation. Previous studies, however, have suggested that the Transhimalayan subduction complex was rather small without large ridges or thrust slices before the onset of the initial India-Asia collision Metcalf and Kapp, 2017) , and therefore insufficiently wide and prominent to host a trench-slope basin on top. Most important, the Luogangcuo Formation lies in fault contact with the Xiukang Mélange. A depositional contact with the underlying subduction complex, as displayed for instance by the Cambria, Pfeiffer Beach, and Point San Luis trench-slope basins atop the Franciscan complex, California, USA (Smith et al., 1979) , is exposed nowhere. If the Luogangcuo Formation were deposited on top of the subduction complex, then subsequent strong deformation would be required to totally obscure the original depositional contact, which we do not observe. The Luogangcuo Formation is thus interpreted to document sediments deposited in the Neo-Tethyan trench during the Late Cretaceous (Fig. 7) .
Sediment Dispersal
Remnants of sedimentary basins within the Transhimalayan arctrench system include the Xigaze forearc-basin succession, dismembered trench-slope deposits preserved as Cretaceous sandstone blocks within the Xiukang Mélange, and trench or trench-slope deposits including the Luogangcuo Formation described here. After the onset of Neo-Tethyan subduction in the Early Cretaceous, abyssal sediments and seamounts were offscraped and accreted episodically to form a small subduction complex (Dupuis et al., 2005 (Dupuis et al., , 2006 Cai et al., 2012; An et al., 2017) . Radiolarian cherts of Late Barremian to Aptian age (ca. 126-113 Ma) were deposited on top of the ophiolitic forearc crust (Chongdui Formation; Wang et al., 2017a) , overlain in turn by deep-water turbidites fed from the Gangdese arc and accommodated in the underfilled Xigaze forearc basin since ca. 113 Ma (lower-middle Ngamring Formation; Wu et al., 2010; Wang et al., 2012; An et al., 2014; Orme and Laskowski, 2016; Wang et al., 2017b) . Since the Coniacian (ca. 88 Ma), abundant igneous detritus shed from both the Gangdese arc and the central Lhasa terrane filled up rapidly the Xigaze forearc basin, as documented by its shallowing-upward, slope-to-shelfalto-deltaic succession (upper Ngamring and Padana formations; Wu et al., 2010; Wang et al., 2012; An et al., 2014; Orme et al., 2015) . During this stage, igneous detritus from the Lhasa block started to overspill the forearc basin and reach via submarine canyons the trench and/or trench-slope basins, where distal turbidites were overlain by conglomerates including olistoliths slumped downslope from the subduction complex. Uplift of the central Lhasa terrane, widening of the source area, and increased sediment volumes at ca. 88 Ma were thus the concomitant factors controlling deposition of the Luogangcuo Formation. A similar evolution is recorded by the western North America arc-trench system, where Jurassic to Neogene successions were deposited progressively in a series of discontinuous forearc basins sourced mainly from the Sierra Nevada and adjacent highlands in the east (e.g., DeGraaff-Surpless et al., 2002; Sharman et al., 2015) . During the middle Eocene, source areas expanded toward the continental interior to include also the Idaho Batholith, and detritus bypassed the forearc basin to fill the trench, now included in the Costal Belt subunit of the Franciscan Complex (Dumitru et al., 2013; Sharman et al., 2015) .
Transhimalayan trench-fill and trench-slope deposits, also documented in the western Himalaya (Nindam Formation and mélange unit of Garzanti and Van Haver, 1988) , were dismembered during subsequent subduction stages and/or early collisional evolution, and are now preserved only as randomly oriented blocks in the Xiukang Mélange or in small local outcrops as the Rongmawa Formation in the Ngamring area (Cai et al., 2012) and the Luogangcuo Formation documented here.
CONCLUSIONS
The Luogangcuo Formation, interpreted to represent trench-fill deposits in the Neo-Tethyan subduction system, provide additional information to unravel patterns of sediment dispersal and the erosional history of the southern Asian margin in the Late Cretaceous. Stratigraphic, sedimentologic, and provenance analyses led us to the following conclusions.
(1) The Luogangcuo Formation, including conglomerates, sandstones, and olistoliths, consists of deep-sea fan turbidites deposited in the NeoTethyan trench during the Late Cretaceous (88-81 Ma).
(2) Conglomerate clasts are mostly radiolarian chert, with subordinate lithic-rich volcaniclastic sandstones, siltstones, and limestones recycled from the adjacent Xiukang Mélange. Turbiditic sandstones may have been derived directly from the Lhasa block on the Asian active margin.
(3) Detritus from the Gangdese magmatic arc was initially deposited in the underfilled Xigaze forearc basin since ca. 113 Ma (lower-middle Ngamring Formation). Since ca. 88 Ma, enhanced detrital volumes shed also from the actively uplifting central Lhasa terrane filled the forearc (upper Ngamring-Padana formations), were funneled in submarine canyons cutting across the trench-slope break, and eventually deposited along the trench.
